INTRODUCTION {#S1}
============

Venoms from arthropods are rich source of bioactive molecules which can be useful as pharmacological tools ([@R1]). It has been described that patients bitten by *Phoneutria nigriventer* spider present various symptoms including priapism ([@R2]--[@R6]). The venom from *this* arthropod, referred to as the \`armed spider\' ([@R6]), is composed of a variety of distinct polypeptides which have been shown to elicit various biological activities. ([@R7]--[@R10]). The majority of isolated toxins from this venom have been described as neurotoxins which primarily induce effects on various ion channels ([@R5], [@R11]--[@R13]). The PhTx2 fraction as well as some of its isolated peptides has been shown to alter the kinetics of neuronal sodium (Na^2+^) channel inactivation ([@R14]--[@R16]).

PnTx2-6 a polypeptide isolated from this fraction has been shown a high affinity for Na^2+^ channels, as demonstrated in its affect on the voltage-dependent gating of the Na^2+^ channel. Previously published papers from our group have demonstrated that incubation of PnTx2-6 in cavernosal strips increases relaxation, and others have shown that direct injection of this toxin into the penis leads to an erectile response ([@R7]--[@R8]). Additionally, this fraction preferentially localizes in penile tissue ([@R17]), which makes PnTx2-6 a direct target for research into the mechanisms of erectile function and reversal of erectile dysfunction (ED).

It is widely accepted that regulation of erection is a complicated system under neuro-regulatory control and consists of cholinergic, adrenergic and nonadrenergic non-cholinergic (NANC) effector systems ([@R18]--[@R19]). Most investigators agree that nitric oxide (NO) is the primary mediator of the erectile response. ([@R18], [@R20]--[@R26]). Given that deregulated events in the NO/cGMP pathway can cause impaired cavernosal relaxation leading to ED which is defined as an inability to attain or to maintain a penile erection (NIH Consensus Conference, 1993). This condition has become increasingly prevalent throughout the US and the world, and is said to affect from 19--64% of men ([@R27]--[@R28]).

ED risk factors include cardiovascular disease (CVD), lifestyle choices, such as obesity, smoking and a sedentary lifestyle in addition to chronic illness ([@R28]--[@R32]). According to the Massachusetts Male Aging Study, one such chronic illness is diabetes mellitus (DM); these men were shown to have a 28% prevalence rate of ED as compared to 9.6% in the general population ([@R33]). DM is a metabolic disorder, where patients have hyperglycemia and insulin resistance and it frequently co-exists with a sedentary lifestyle and increased body mass index (BMI). In diabetic patients and animal models, vascular and endothelial dysfunction is a common theme, with current literature suggesting that there is an impairment of vasodilatory signaling, decreased NO in addition to NANC dysfunction ([@R34]--[@R35]).

PnTx2-6 has been demonstrated to mediate penile erection through an increase in NO; making it a possible therapeutic approach for diabetes induced ED. In addition, toxins have been used as pharmacological tool to study ED ([@R1]) and recently it has been demonstrated that PnTx2-6 recombinant toxin (rPnTx2-6) was active in rat erectile function ([@R36]) as well as PnTx2-6. In this manuscript, we propose that PnTx2-6 can increases NO via nNOS, as well as cGMP, which can reverse the cavernosal hyperreactivity in STZ-diabetic mice.

METHODS {#S2}
=======

Animals {#S3}
-------

Male C57Bl6 mice (10--12 weeks-old, 22--28g) and genetically altered mice which lack genes for nNOS and eNOS were used in these studies (Jackson Laboratories, Bar Harbor ME). All procedures were carried out in accordance with the Guiding Principles in the Care and Use of Animals, approved by the Medical College of Georgia Committee and by the Federal University of Minas Gerais on the use of animals in research and education. The animals were housed 4 per cage on a 12-h light/dark cycle and fed a standard rat chow diet and water.

Drugs and Solutions {#S4}
-------------------

Physiological salt solution of the following composition was used: 130mM NaCl, 14.9 mM NaHCO~3~, 5.5 mM dextrose, 4.7 mM KCl, 1.18 mM KH~2~PO~4~, 1.17 mM MgSO~4~.7H~2~O, 1.6 mM CaCl~2~. 2H~2~O, and 0.026 mM EDTA. Bretylium tosylate \[(o-bromobenzyl) ethyldimethylammonium p-toluenesulfonate\], ω-conotoxin GVIA and 7-nitroindozole were purchased from Sigma Chemical Co. (St. Louis, MO, USA). N-Nitro-L-arginine methyl ester (L-NAME) was purchased from Cayman Chemical (Michigan, USA). All reagents used were of analytical grade. Stock solutions were prepared in deionized water and stored in aliquots at −20°C; dilutions were freshly prepared before use. The toxin PnTx2-6 was kindly provided by the Ezequiel Dias Foundation (Brazil) and purified as reference cited ([@R37])..

Functional studies in cavernosal strips {#S5}
---------------------------------------

The mice were anesthetized (ketamine/xylazine, (100:10 mg/kg, i.p.) and exsanguinated by aorta abdominal. After euthanasia, penes were excised and dissected in ice-cold buffer. The tunica albuginea was removed and one crural strip preparation (1×1×10 mm) was obtained from each corpus cavernosum (two crural strips from each penis). Cavernosal strips were mounted in 4-ml myograph chambers (Danish Myo Technology, Aarhus, Denmark) containing buffer at 37°C continuously aerated with a mixture of 95% O~2~ and 5% CO~2~. The tissue was stretched to a passive force of 3.0mN and allowed to equilibrate for 60 min; the solutions were replaced every 10 to 15 min. Changes in isomeric force were recorded using a PowerLab/8SP data acquisition system (Chart software, version 5.0; ADInstruments, Colorado Springs, CO). To verify the contractile ability of the preparations, a high potassium chloride (KCl) solution (120mM) was added to the organ bath at the end of the equilibration period. All preparations were incubated for 35 min with bretylium tosylate (30 μM) to block sympathetic nerve discharge. Cavernosal strips were contracted with phenylephrine (PE; 10 μM) and relaxation was evoked by electrical field stimulation (EFS). Electrical stimuli were applied to strips placed between platinum pin electrodes, which were attached to a stimulus splitter unit (Stimu-Splitter, USA) connected to a Grass S88 stimulator (Astro-Med, USA). EFS was conducted at 20 V, 1-ms pulse width and trains of stimuli lasting 10s at varying frequencies (1 to 32 Hz) before and after incubation with PnTx2-6 (10^−8^ M, 4min) and 7-nitroindozole (nNOS inhibitor, 10^−5^ M)

The calcium channel blocker ω-conotoxin GVIA (10^−6^M) was used to evaluate the participation of N-type Ca^+2^ channels in cGMP production in the presence of PnTx2-6. This specific Ca^+2^ channel inhibitor and/or the NOS inhibitor, L-NAME (10^−4^ M), were added 35 minutes before cGMP measure levels.

Streptozocin induced diabetes {#S6}
-----------------------------

Diabetes is chiefly characterized by hyperglycemia which was induced by using streptozocin (STZ). C57Bl6 mice were injected with STZ (125 mg/kg body weight in 10^−1^M citrate buffer, pH 4.5) for two days. Mice were allowed to become hyperglycemic for 8 weeks before use. The penis was removed and cavernosal strips isolated. Hyperglycemia was confirmed using the AccuCheck glucose meter (Roche Diagnostic Corporation, Indianapolis, IN, USA) and glucose test strips in fasted mice. Mice showing glucose levels up to 350 mg/dl were considered diabetic.

Determination of cGMP levels {#S7}
----------------------------

Mice cavernosal strips were equilibrated for 20min in warmed and oxygenated Krebs\' solution. Tissues were then stimulated for 35min with L-NAME (10^−4^M), ω-conotoxin GVIA (10^−6^M) in the presence and absence of PnTx2-6 (10^−8^M) added in the last 4 minutes. Next, strips were collected immediately by freezing the segments in liquid nitrogen. Some tissues were frozen following the addition of vehicle to obtain baseline readings. Frozen cavernosal tissue were pulverized, homogenized in trichloroacetic acid (TCA; 5% w/v) and then centrifuged at 1500 *g* for 10min at 4°C. The TCA was extracted from samples with three washes of water-saturated ether. The weights of the dried pellets were used to standardize the different samples. cGMP was extracted and quantified using a cGMP enzyme immunoassay kit (Cayman Chemical, Ann Arbor, MI). Assays were performed in duplicate using different dilutions of samples.

Statistical Analysis {#S8}
--------------------

Results are expressed as mean values ± SEM. Relaxation is presented as percentage change from the PE-induced contraction. Relaxation response curves were fitted using a nonlinear interactive fitting program (Graph Pad Prism 4.0; GraphPAD Software Inc., San Diego, CA, USA). Differences were estimated by two-way analyses of variance (ANOVA) and Student\'s t-test. Values of P\<0.05 were considered statistically significant.

RESULTS {#S9}
=======

PnTx2-6 toxin improves EFS-mediated relaxation in cavernosal tissue from WT mice and STZ-diabetic mice {#S10}
------------------------------------------------------------------------------------------------------

To determine if PnTx2-6 can increase relaxation in mice cavernosal strips, tissues were incubated with PnTx2-6 or vehicle for 4min, contracted to PE and a relaxation response curve to EFS performed. As shown in [Figure 1A](#F1){ref-type="fig"}, cavernosal strips from WT incubated with PnTx2-6 exhibited a dose-dependent increase in cavernosal relaxation, reaching significance at 4Hz and 8Hz (n=9, p\<0.05), suggesting that PnTx2-6 induces an increase around 23% in NANC mediated relaxation. Cavernosal strips from STZ-diabetic mice, animals found to be significantly hyperglycemic as compared to sham mice ([Table 01](#T1){ref-type="table"}, 135±34 dl/ml vs. 435±28 dl/ml), exhibited a significantly decreased NANC mediated relaxation response ([Figure 1B](#F1){ref-type="fig"}). When the strips were incubated with PnTx2-6, both sham and STZ-diabetic mice exhibited a significantly increased relaxation response ([Figure 1B](#F1){ref-type="fig"}). Interestingly, the maximal relaxation response achieved by strips from STZ-diabetic mice incubated with this toxin did not reach levels similar to cavernosal strips from normoglycemic mice (±55% vs ±75%), however it was almost twice as large if compared with non treated STZ-diabetic mice (±32%). These data demonstrate that PnTx2-6 can reverse the dysfunctional erectile phenotype seen in STZ-diabetic mice.

PnTx2-6 improves cavernosal relaxation in eNOS KO mice, but not in nNOS KO mice {#S11}
-------------------------------------------------------------------------------

It has been previously demonstrated by our group that the PnTx2-6 toxin induces erection in rodent studies via NO; however, the source of NO has not been shown. Thus, EFS-mediated relaxation was performed in PE contracted cavernosal strips from eNOS ([Figure 2a](#F2){ref-type="fig"}) and nNOS ([Figure 2b](#F2){ref-type="fig"}) KO mice, incubated with vehicle or PnTx2-6. As shown in [Figure 2](#F2){ref-type="fig"}, the toxin improves the relaxation in cavernosal strips from eNOS KO mice (n=9, p\<0.05), but not from nNOS KO mice (n=8). This data suggest that PnTx2-6 acts on nitrergic nerves inducing increase in NO release from nNOS.

PnTx2-6 relaxation is dependent upon nNOS {#S12}
-----------------------------------------

Even though the use of KO mice can increase our understanding, the whole animal KO of a particular gene can lead to alterations in other genes, producing compensation from alternate pathways. To confirm whether the increase in NO from PnTx2-6 can be from nNOS, a specific nNOS inhibitor (10^−5^M), 7-nitroindizole, was used. EFS-mediated relaxation curves were performed in PE contracted cavernosal tissue incubated with either vehicle, PnTx2-6, 7-nitroindizole ([Figure 3](#F3){ref-type="fig"}). Incubation with PnTx2-6 increased EFS-mediated relaxation, while incubation with the nNOS inhibitor decreased relaxation. Interestingly, incubation with both PnTx2-6 and the nNOS inhibitor reversed the increased relaxation response seen in strips incubated with PnTx2-6 alone. These data suggest that nNOS production of NO may be mediating some of the effects of PnTx2-6.

PnTx2-6 incubation did not change cholinergic relaxation responses {#S13}
------------------------------------------------------------------

Relaxation in penile tissue is mainly mediated via NO release from the NANC system; however, endothelium mediated relaxation is an important component of erectile function. To determine whether PnTx2-6 alters ACh-mediated relaxation, concentration response curves (10^−9^ to 10^−5^ M) were performed in cavernosal tissue incubated with vehicle, or PnTx2-6 (n=9). We observed no increase in relaxation with this toxin, suggesting that PnTx2-6 cannot potentiate NO release from eNOS ([Figure 4](#F4){ref-type="fig"}).

An increased cGMP level evoked by PhTx2-6 in cavernosal tissue was suppressed by L-NAME and ω-conotoxin GVIA {#S14}
------------------------------------------------------------------------------------------------------------

The levels of accumulated cGMP are an indicator of NO production and sGC activation. In cavernosal tissue incubation with PnTx2-6 induced an increase in cGMP levels, as compared to basal levels, further confirming an increase in NO by PnTx2-6. Cavernosal tissue incubated with L-NAME, the non-specific NOS inhibitor, and PnTx2-6 showed decreased levels of cGMP, which were lower than baseline. In addition, incubation with ω-GVIA conotoxin and PnTx2-6 together led to decreased cGMP levels, as compared to incubation with the toxin alone. Electrical stimulation (ES) leads to the release of NO, and cGMP levels were evaluated in ES cavernosal tissue (n=4, [Figure 5](#F5){ref-type="fig"}). Also, in the presence of PnTx2-6, cGMP levels were further increased in diabetic penile tissue compared with non-diabetic tissue. Taken together, these data suggest that this toxin increases NO produced by NOS, which can be inhibited by the N-type calcium channel blocker ω-conotoxin. In addition, these data confirm our functional studies showing that PnTx2-6 mediates NO release through NANC mechanism, since incubation with toxin and ES lead to three times the amount of cGMP in cavernosal tissue.

DISCUSSION {#S15}
==========

This study was performed to further characterize mechanisms underlying PnTx2-6 induced penile erection and to determine the source of the PnTx2-6-induced increases in NO. Additionally, we have previously shown that this toxin increases local NO levels in the penis, as well as potentiating the erectile response demonstrated by stimulation of the major pelvic ganglion (MPG) and measuring intracavernosal pressure (ICP) ([@R7]). All these data support clinical evidence that patients bitten by *P. nigriventer* exhibit priapism.

We show that incubation of cavernosal strips with PnTx2-6 potentiates the NANC-mediated relaxation response, and that incubation with an inhibitor of nNOS inhibitor abolishes this response. This shows a definitive role for PnTx2-6 in potentiating nitrergic NO release. NO release has been postulated to occur not only from nNOS, but from the endothelium of the sinusoidal cavities. The relative contribution of eNOS to erectile function has been investigated; however, much of the data are confounding. It is well known that mice lacking the eNOS gene exhibit hypertension, presumably due to the lack of vascular NO from NOS, and a study performed by Burnett and colleagues demonstrate that these mice also do not achieve penile erection in response to carbachol suggesting that this isoform is crucial for erection ([@R38]). In this manuscript we used cavernosal strips from eNOS KO mice to perform relaxation response curves to EFS. We observed that the NANC-mediated relaxation response in the eNOS KO mice was similar to wild-type (Wt) mice, and that incubation with PnTx2-6 can increase the relaxation response.

However, concentration response curves to ACh reveal that PnTx2-6 incubation does not change relaxation, suggesting that a primary mechanism for PnTx2-6 is not through cholinergic stimulation. Although we did not demonstrate a profound decrease in relaxation in the eNOS KO mice, various compensatory mechanisms in local vasodilators may be an explanation. We also performed similar experiments in nNOS KO mice and while we did not observe a potentiation of relaxation with PnTx2-6 incubation, we found that the relaxation responses in these mice were also similar to those in their Wt counterparts. While these data are surprising, our experiments using a specific nNOS inhibitor were shown to inhibit the increase in NANC-mediated relaxation by PnTx2-6 suggesting that nNOS is not only responsible for cavernosal relaxation, but that PnTx2-6 can potentiate this response. Current literature has demonstrated at least two splice variants of nNOS, of which a particular variant has been cloned from the rat penis (PnNOS) and seems to survive in mice with nNOS gene deletion ([@R39]). The discovery of these splice variants complicates interpretation of data obtained using nNOS KO mice. Furthermore, investigators must take into account the physiological effects that a lifelong deletion of a gene may have.

It has been previously demonstrated that both the fraction PhTx2 and the purified toxin (PnTx2-6) can delay Na^2+^ channel inactivation ([@R14]--[@R15]). With a decrease in Na^2+^, the nerve fiber will maintain a state of depolarization, leading to increased Ca^2+^ flux into the cell and increased release of neurotransmitters ([@R7], [@R40]). Studies using canine and human corpus cavernosum have shown a role for the N-type Ca^2+^ channel in the nitrergic nerve terminals, and suggest that these channels are responsible for the Ca^2+^ flux leading to NOS activation ([@R26]). Our data showed that the increase in locally accumulated cGMP with PnTx2-6 incubation is decreased when the slices of cavernosum corpus are incubated with ω-conotoxin, a selective N-type Ca^2+^ channel blocker. Our data add to the current body of literature directly demonstrating that PnTx2-6 potentiates the NO/cGMP signaling pathway indirectly via these N-type Ca^2+^ channels (Figure 7).

As shown in [Figure 2](#F2){ref-type="fig"}, cavernosal strips from eNOS KO mice incubated with PnTx2-6 exhibited an increase in NANC-mediated relaxation responses. The increase in relaxation was maintained from 4Hz, and culminated in a difference in the maximal response (n=9, p\<0.05). In contrast, no statistical difference in relaxation was seen in tissues from nNOS KO mice incubated with this toxin (n=8). Though these data demonstrate that PnTx2-6 can increase cavernosal relaxation in eNOS mice, the data from nNOS mice is not surprising. There is significant overlap in NO production in the cavernosum, and investigators suggest that the lifelong deletion of eNOS could lead to an increase in local vasodilatory mechanisms ([@R38]).

Hypertension and diabetes are known risk factors for ED. A previous study, published by the author, revealed that use of PnTx2-6 can reverse hypertension induced ED. Deoxycorticosterone (DOCA) was used in that study to mimic mineralocorticoid-induced hypertension in rats. Those rats were shown to exhibit profound hypertension and exhibit ED, which was reversed with this toxin treatment. That study was the first to demonstrate a therapeutic effect of PnTx2-6 and to correlate this toxin to increased NO production and/or bioavailability. In this paper, we reveal that incubation of cavernosal strips not only increases NANC-mediated relaxation, but that the decreased relaxation responses observed in cavernosal strips from STZ-diabetic mice can be reversed with PnTx2-6 incubation.

PnTx2-6, this naturally existing polypeptide has the potential to emerge as a new pharmacological tool in conditions where vascular and endothelial dysfunction persists, and where increasing NO bioavailability may be able to reverse the dysfunction. ED is one such disorder. Our data suggested a primary role for PnTx2-6 in increasing NO/cGMP and the NANC mediated relaxation in cavernosal strips (Figure 07). Given that incubation with PnTx2-6 was able to reverse the dysfunctional phenotype of cavernosal strips from STZ-diabetic, PnTx2-6 should be investigated further for possible therapeutic interventions.
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![PnTx2-6 improves non adrenergic-non cholinergic (NANC)-induced relaxation in cavernosum strips from Wt and STZ-diabetic mice. Cavernosal tissue from WT mice (A) and STZ-diabetic mice (B) incubated for 4 min with PnTx2-6 (10^−8^M) showed significant enhanced in cavernosal relaxation (n=9, p\<0.05). As observed in the figure B, impaired cavernosal relaxation in STZ-diabetic mice strips were reversed by PnTx2-6 toxin.](nihms-321139-f0001){#F1}

![PnTx2-6 failed to relax cavernosum strips from nNOS KO mice. Cavernosum tissue from eNOS and nNOS KO mice were incubated with PnTx2-6 (10^−8^M) for 4 min to verified the source of NO production in presence of this toxin. EFS-curve to cavernosal relaxation from eNOS KO mice in the presence of PnTx2-6 showed significant difference (Fig. 2A) and this effect was not observed in cavernosal tissue from nNOS KO mice (Fig. 2B), suggesting NO production mediated by nNOS in the presence of PnTx2-6 (n=8, p\<0.05).](nihms-321139-f0002){#F2}

![PnTx2-6 cavernosal relaxation enhancement was abolished by nNOS inhibitor. Mice cavernosal tissue previously incubated with nNOS inhibitor 7 nitroindizole (10^−5^M, 35 min) did not showed EFS-relaxation augment in the presence of PnTx2-6, suggesting an nNOS dependent effect (n=5, p\<0.05).](nihms-321139-f0003){#F3}

![PnTx2-6 did not interfere with cholinergic relaxation response. Concentration response curve to Ach (10^−9^ to 10^−5^ M) was performed in the presence and absence of PnTx2-6. Any difference was observed suggesting no cholinergic involvement in the relaxation evoked by this toxin (n=8).](nihms-321139-f0004){#F4}

![Enhanced cGMP levels in mice tissue treated with PnTx2-6 were contained by L-NAME and ω-conotoxin GVIA. The first and second bars showed basal and cGMP levels in the presence of PnTx2-6 without EFS. From third to the last bar, experiments were performed in the presence of EFS (8Hz). Cavernosal tissue from diabetic and non-diabetic mice treated with toxin showed increased cGMP levels compared to non-treated. L-NAME (10^−4^ M) and ω-conotoxin GVIA (10^−6^ M) suppressed cGMP levels increased by PnTx2-6 incubation. These results point to participation of N-type Ca^+2^ channels in the improved relaxation mediated by NO/cGMP pathway due to PnTx2-6 (n=4 per group, p\<0.05).](nihms-321139-f0005){#F5}

![Possible mechanism of action of PnTx2-6 toxin in the penis. The neuronal depolarization caused by PnTx2-6 (since this toxin delay the inactivation period of Na^+^ channels) lead to an increase in Ca^+^ influx, probably via activation of N-type Ca^+^ channels, which in turn activates nNOS inducing NO production and improving relaxation of vascular smooth muscle, causing penile erection. Red arrows mean inhibition.](nihms-321139-f0006){#F6}

###### 

Body weight and blood glucose levels of non-diabetic and STZ-diabetic mice. Plasma glucose measure showed rates to STZ-treated mice that indicated levels compatible with hyperglycemia (n=5, \* P \< 0.05). Mice with glucose levels up to 350 mg/dl were considered diabetic.

                       Non-diabetic   STZ-diabetic
  -------------------- -------------- --------------
  *Body weight (g)*    29.4±1.9       21.7±2.3 \*
  *Glucose (mg/dl)*    135±34         435±28 \*
  *Cavernosal strip*   1.76±0.3       1.74±0.2
  *Weight (mg)*                       
